Kim, Min-ho, and Norman R. Harris. Leukocyte adherence inhibits adenosine-dependent venular control of arteriolar diameter and nitric oxide. Am J Physiol Heart Circ Physiol 291: H724 -H731, 2006. First published March 31, 2006 doi:10.1152/ajpheart.01215.2005.-Venular control of arteriolar perfusion has been the focus of several investigations in recent years. This study investigated 1) whether endogenous adenosine helps control venule-dependent arteriolar dilation and 2) whether venular leukocyte adherence limits this response via an oxidant-dependent mechanism in which nitric oxide (NO) levels are decreased. Intravital microscopy was used to assess changes in arteriolar diameters and NO levels in rat mesentery. The average resting diameter of arterioles (27.5 Ϯ 1.0 m) paired with venules with minimal leukocyte adherence (2.1 Ϯ 0.3 per 100-m length) was significantly larger than that of unpaired arterioles (24.5 Ϯ 0.8 m) and arterioles (23.3 Ϯ 1.3 m) paired with venules with higher leukocyte adherence (9.0 Ϯ 0.5 per 100-m length). Local superfusion of adenosine deaminase (ADA) induced significant decreases in diameter and perivascular NO concentration in arterioles closely paired to venules with minimal leukocyte adherence. However, ADA had little effect on arterioles closely paired to venules with high leukocyte adherence or on unpaired arterioles. To determine whether the attenuated response to ADA for the high-adherence group was oxidant dependent, the responses were also observed in arterioles treated with 10 Ϫ4 M Tempol. In the high-adherence group, Tempol fully restored NO levels to those of the low-adherence group; however, the ADA-induced constriction remained attenuated, suggesting a possible role for an oxidant-independent vasoconstrictor released from the inflamed venules. These findings suggest that adenosine-and venule-dependent dilation of paired arterioles may be mediated, in part, by NO and inhibited by venular leukocyte adherence. leukocyte adhesion; Tempol RESTING ARTERIOLAR TONE can be determined by various endogenous vasoactive substances, the release of which depends on the metabolic state of the tissue, as well as on hemodynamic factors such as shear stress and pressure. In addition, when an arteriole is closely paired with a venule, vasoactive substances released from the venule also play an important role in regulating arteriolar diameter, depending on various stimulated conditions such as an increase in venular shear rate (26), an increase in muscle stimulation (16), and an exogenous venular infusion of vasoactive substances (5, 11). Nitric oxide (NO), prostaglandins, and adenosine have been implicated as mediators of venule-induced arteriolar dilation. Anatomically, various sizes of arterioles from large to small are paired with venules within a short diffusion distance in most tissues, and this close arrangement enables venular-arteriolar diffusion of vasoactive substances.
RESTING ARTERIOLAR TONE can be determined by various endogenous vasoactive substances, the release of which depends on the metabolic state of the tissue, as well as on hemodynamic factors such as shear stress and pressure. In addition, when an arteriole is closely paired with a venule, vasoactive substances released from the venule also play an important role in regulating arteriolar diameter, depending on various stimulated conditions such as an increase in venular shear rate (26) , an increase in muscle stimulation (16) , and an exogenous venular infusion of vasoactive substances (5, 11) . Nitric oxide (NO), prostaglandins, and adenosine have been implicated as mediators of venule-induced arteriolar dilation. Anatomically, various sizes of arterioles from large to small are paired with venules within a short diffusion distance in most tissues, and this close arrangement enables venular-arteriolar diffusion of vasoactive substances.
In this study, we hypothesized that endogenous adenosine induces venule-dependent dilation of closely paired arterioles in an NO-mediated mechanism, but with the response limited by the presence of adherent leukocytes in the venule. The rationale that led us to this hypothesis was obtained from several recent studies. Hammer et al. (7) observed a significantly larger resting diameter of paired than unpaired thirdorder arterioles in hamster cremaster muscle, consistent with the possibility that venular pairing mediates arteriolar diameter, even under resting conditions. In the mesenteric microcirculation, resting capillary flow velocities were positively correlated with the extent of close venular pairing of the feed arterioles (20) . Moreover, acute NO synthase (NOS) inhibition completely reversed this correlation: NOS inhibition reduced capillary flow only when the feed arterioles were closely paired with venules. This result suggests that NO or other mediators dependent on NO are continuously released from venules and diffuse to paired arterioles to induce arteriolar dilation in resting conditions.
Although NO mediates venular-dependent arteriolar dilation during resting conditions, the extent to which NO diffuses from venule to arteriole is unknown and has been modeled recently by Kavdia and Popel (13) . An alternative explanation is that another mediator diffuses from venule to arteriole in the NO-dependent dilatory mechanism. Cyclooxygenase metabolites play a major role in venule-mediated arteriolar dilation in functional hyperemia, but possibly not in resting conditions (7) . Adenosine is a potent vasodilator in many vascular beds, and adenosine release is increased during hypoxia, ischemia, or metabolic stress, when O 2 delivery is inadequate to meet the tissue demand (18, 32) . Adenosine exogenously infused through venules has been shown to vasodilate paired arterioles (11) . However, whether endogenous adenosine contributes to arteriolar vasodilatory function has not been determined.
In contrast to normal physiological conditions, the presence of inflammatory cells in venules may have a major influence on arteriolar constriction (8, 33) . Zamboni et al. (33) found that arterioles in reperfused (previously ischemic) skeletal muscle, but only arterioles near inflamed venules (as assessed by the presence of adherent leukocytes), were constricted. Inhibition of venular leukocyte adherence attenuated arteriolar constriction in their model (34) . Nellore and Harris (21) found a significant negative correlation between venular leukocyte adherence and NO concentration in the closely paired arteriole. If adenosine regulates resting arteriolar diameter in an NO-dependent mechanism, it is possible that oxidants released as a consequence of leukocyte-endothelial cell interactions may play a crucial role in arteriolar tone by decreasing NO bioavailability.
Therefore, the primary aim of this study was to determine whether adenosine mediates venule-dependent arteriolar dilation via an NO-mediated mechanism under normal physiological conditions. Another objective was to determine whether venular leukocyte adherence limits this response via an oxidant-dependent decrease in NO. As an experimental model, intravital microscopy of the rat mesenteric microcirculation was used to monitor changes in arteriolar diameters and NO levels.
MATERIALS AND METHODS
Animal preparation. Animal procedures were approved by the Institutional Animal Care and Use Committee of Louisiana State University Health Sciences Center. Male Wistar rats (250 -300 g body wt) were housed two to three per cage in a controlled environment (12-h:12-h light-dark cycle) and given food and water ad libitum. The rats were anesthetized by an injection of thiobutabarbital (135 mg/kg ip; Inactin, Sigma T-133, St. Louis, MO). The right carotid artery was cannulated for systemic injection of saline during the experiment (ϳ1 ml) and euthanasia solution at the end of the experiment. A segment of the small intestine was exteriorized through a midline abdominal incision, and the spontaneously breathing rat was placed on its right side on a Plexiglas board, so that a selected section of mesentery could be draped over a glass coverslip glued on a hole centered in the board. The exposed intestine, except for the selected mesenteric section under study, was covered with gauze soaked in bicarbonate-buffered saline (BBS, in mM: 131 NaCl, 4.7 KCl, 1.2 MgSO 4, 20 NaHCO3, and 3.5 CaCl2). After the board was mounted onto the stage of an inverted microscope, the mesentery and intestine were kept moist with a 2 ml/min superfusion of BBS bubbled with 95% N 2-5% CO2 and warmed to 37°C. Rectal temperature was maintained at ϳ37°C by positioning of an infrared heat lamp over the rat.
Video microscopy. The mesenteric microvessels were observed through a ϫ40 objective (Nikon Plan Apo, 0.95 numerical aperature) using a 100-W halogen light source, and bright-field images were captured with a color camera (CCD-IRIS, Sony). The images were directed to a video-cassette recorder (SVO-9500 MD, Sony), and the taped images were used for playback analysis with an image grabber and image processor (Scion Image) for length and diameter measurements.
Local superfusion of adenosine deaminase. Local superfusion of adenosine deaminase (ADA, 0.42 U/ml; Sigma) was accomplished using a pressurized glass micropipette connected to a regulated pressure source. ADA metabolically inactivates adenosine by catalyzing the conversion of adenosine to inosine. ADA was applied directly to the tissue at an ejection pressure of 20 mmHg. Glass micropipettes were pulled with a pipette puller (model PUL-1, World Precision Instruments, Sarasota, FL) and blunted to a tip diameter of 10 -15 m. The micropipettes were filled with ADA mixed in BBS. Sulforhodamine (Sigma) was also included in the ADA solution to verify ADA flow from the micropipette with use of fluorescent images. For fluorescence microscopy, the preparation was illuminated with a 100-W mercury lamp, and sulforhodamine was briefly viewed in a rhodamine filter. The micropipette was positioned over selected mesenteric tissue between a paired arteriole and venule or tissue close to an unpaired arteriole (placed Ͻ10 m from the arteriole) and then carefully lowered onto the tissue by means of a micromanipulator. After verification of fluorescent flow over the selected region of tissue, the fluorescence microscopy system was switched to bright-field microscopy, and the images were recorded continuously. Our preliminary data obtained from venule-paired arterioles demonstrated that the ADA concentration used in this study (0.42 U/ml) was sufficient to give a maximal response (Fig. 1) .
Arteriolar NO measurement with use of a microelectrode. Periarteriolar NO concentration was monitored using an NO-selective microelectrode (model ISO-NO-3005, World Precision Instruments). In vitro calibration of the microelectrode was performed 30 min before each experiment. For calibration, the electrode was placed in a copper sulfate solution at 37°C, and a known concentration of Snitroso-N-acetyl-DL-penicillamine, a stable NO-containing compound, was added. S-nitroso-N-acetyl-DL-penicillamine decomposes to NO and a disulfide by-product when dissolved in water in a reaction catalyzed by copper sulfate. The time course of current output was displayed on the instrument monitor. Figure 2A demonstrates a typical in vitro calibration, which shows linearity between the changes in output current and NO concentration. The sensor attached to the micromanipulator was placed over the arteriolar wall as close as possible to, and slightly pressed against, the vessel wall. The slight touch of the microelectrode on the arteriolar wall resulted in a transient initial signal, which returned to a stable value after 20 -30 s. Before arteriolar NO measurements, the microelectrode was allowed to equilibrate for 30 min in the BBS superfusate bathing the mesentery.
To demonstrate the utility of the NO-selective microelectrode to measure NO concentrations in vivo, the electrode was placed on venule-paired arterioles, and the signal was monitored in response to NOS inhibition (with 100 M N -nitro-L-arginine methyl ester; Sigma). Figure 2B shows the time course of arteriolar NO levels measured using the microelectrode, beginning with a 5-min baseline period with BBS superfusion. Infusion of N -nitro-L-arginine methyl ester for 20 min induced an ϳ55% decrease in arteriolar NO. However, this response was influenced dramatically by the number of adherent leukocytes in the closely paired venule, in which arterioles paired with high leukocyte adherence (PHL) demonstrated a small decrease in NO levels compared with arterioles with low leukocyte adherence (PLL) in the paired venule.
Venular leukocyte rolling and adherence. The number of rolling and adherent leukocytes was quantified during playback analysis of taped images. The number of rolling leukocytes was defined as the number of leukocytes that passed a selected cross section of venule per minute. Leukocyte adherence was defined as the number of leukocytes (per 100 m length) that remained stationary on the venular wall for Ն30 s.
Experimental protocols. Unpaired arterioles and closely paired, parallel arterioles and venules (arteriovenular distance Ͻ20 m) in the mesentery were selected. Experimental groups were divided as follows ( UP and paired arterioles were selected, and resting diameters were measured. In each arteriole, an average diameter was obtained from three measurements along the vessel length.
To investigate the potential contribution of adenosine to arteriolar dilation and NO concentration, ADA was locally superfused over the selected tissue between paired arterioles and venules or, in separate experiments, near a UP arteriole. After 10 min of baseline measurement of arteriolar diameter and NO concentration, ADA was locally superfused for 15 min, and changes in arteriolar diameter and NO concentration were measured simultaneously.
To investigate the possible relation between arteriolar NO and oxidants induced by leukocyte-endothelial cell interactions, the free radical scavenger Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl, 10 Ϫ4 M; Sigma) was included in the BBS superfusate. After baseline measurement of arteriolar diameter and NO concentration for 10 min with superfusion of BBS, Tempol was superfused for an additional 15 min. The preparation was then superfused locally with ADA via micropipette, and the superfusion of Tempol was continued during the local superfusion of ADA. The experiments were performed in three groups of UP or paired (PHL and PLL) arterioles, and changes in arteriolar diameter and NO concentration were measured simultaneously throughout the experiment.
Statistics. GraphPad Instat (San Diego, CA) software was used for linear regression. Multiple data from individual sets of experiments were analyzed by repeated-measures ANOVA with Bonferroni's corrections. Values are means Ϯ SE. Statistical significance was set at P Ͻ 0.05.
RESULTS
In this study, to address the possible role of adenosine and leukocyte adhesion in venular control of resting arteriolar tone and NO bioavailability, arterioles were selected and categorized as venule paired (close parallel pairing with a venule) or UP. Venule-paired arterioles were divided further into two groups: PLL and PHL.
Influences of venular pairing and leukocyte adhesion on resting arteriolar diameter. The average resting diameter of the PLL group (27.5 Ϯ 1.0 m, total of 24 arterioles from 13 rats) was significantly larger than that of the UP (24.5 Ϯ 0.8 m, total of 29 arterioles from 15 rats) and PHL (23.3 Ϯ 1.3 m, total of 18 arterioles from 13 rats) groups (Fig. 4) . The number of adherent leukocytes was significantly larger for the PHL (9.0 Ϯ 0.5 per 100-m length) than for the PLL (2.1 Ϯ 0.3 per 100-m length) group. No significant difference in resting diameter was observed between the UP and the PHL group. For closely paired arterioles and venules, a negative correlation was observed between resting arteriolar diameter and the number of venular adherent leukocytes (P ϭ 0.028, r 2 ϭ 9.3%). However, no correlation was found between resting arteriolar diameter and the number of venular rolling leukocytes (P Ͼ 0.05). The mean arteriovenular distance (11.2 Ϯ 1.4 and 9.5 Ϯ 0.9 m for PLL and PHL, respectively, P Ͼ 0.05) and diameter of the paired venule (43.7 Ϯ 2.6 and 38.2 Ϯ 1.4 m for PLL and PHL, respectively, P Ͼ 0.05) were similar between the two groups of venule-paired arterioles.
Effects of ADA on arteriolar diameter and NO. Figure 5 shows the changes in diameter and NO from the three groups of arterioles in response to local superfusion of ADA. Distribution of diameter changes among the groups is shown in Fig.   5A . A decrease in diameter of Ն0.4 m (the limit of optical resolution) was observed in 67-77% of arterioles irrespective of group: 4 of 6 UP, 8 of 11 PLL, and 10 of 13 PHL arterioles. However, among these responsive arterioles, the level of constriction due to ADA was substantially greater (P Ͻ 0.05) in the PLL group (Fig. 5B) , with the diameter decreasing by 18.3 Ϯ 4.1% (compared with 3.8 Ϯ 0.9% in the PHL group). In the arterioles of Fig. 5B , periarteriolar NO concentrations also were measured using an NO-selective microelectrode to investigate the possible role of NO in adenosine-induced arteriolar dilation (Fig. 5C) . In baseline measurements, the level of arteriolar NO was significantly higher in the PLL group (521 Ϯ 47 nM) than in the PHL and UP groups (408 Ϯ 32 and 409 Ϯ 23 nM, respectively). Local superfusion of ADA caused a significant decrease in arteriolar NO in the PLL group (17.3 Ϯ 2.1%) and only small reductions in the PHL and UP groups (6.8 Ϯ 1.2 and 2.2 Ϯ 1.1%, respectively). The ADA-induced decrease of 18% in arteriolar diameter is similar to the 17% decrease in NO in the PLL group (Fig. 5D ), suggesting that ADA-induced arteriolar constriction might involve a decrease in NO.
Effects of Tempol on changes in arteriolar diameter and NO. To determine whether superoxide might be responsible for the decreased resting diameter and NO bioavailability in PHL arterioles, changes in diameters and NO levels were measured after Tempol treatment (Fig. 6 ). As expected, Tempol treatment significantly increased arteriolar diameter (4.3 Ϯ 0.1% increase) and NO level (29 Ϯ 4.4%, increase from 395 to 509 nM). Tempol treatment also increased arteriolar diameter (2.4 Ϯ 0.3%) and NO (11.0 Ϯ 2.2%, increase from 470 to 524 nM) in the PLL group, but to a lesser degree than in the PHL group (P Ͻ 0.05, PHL vs. PLL). In UP arterioles, Tempol treatment did not affect arteriolar diameter (not significant compared with 0%) but resulted in a moderate increase in NO level (4.0 Ϯ 0.8%, increase from 380 to 395 nM, significantly different from 0%). With the consideration that the resting NO level for the PHL group was ϳ20% lower than that of the PLL group (Fig. 5C ), it appears that Tempol treatment fully restored the NO concentration of the PHL group to the level of the PLL group.
Effects of ADA on arteriolar diameter and NO in the presence of Tempol. To determine whether superoxide inhibition can restore adenosine-induced dilation of PHL arterioles, ADA was locally superfused in the presence of Tempol. The number of rolling and adherent leukocytes was not altered by Tempol and ADA treatment (Table 1 ). Among the arterioles that constricted in response to ADA, arteriolar NO in the PHL group was decreased significantly by 13.7 Ϯ 0.9% after ADA treatment in the presence of Tempol, which is comparable to the 12.9 Ϯ 1.5% decrease in the PLL group (Fig. 7) . These results contrast significantly with the data presented in Fig. 5D , where ADA had a much smaller effect on arteriolar NO in the PHL group without Tempol. In the PHL group, treatment with ADA in the presence of Tempol also resulted in enhanced arteriolar constriction (8.0 Ϯ 0.5%; Fig. 7 ) compared with ADA treatment only (3.8 Ϯ 0.9%; Fig. 5D ). However, the relative magnitude of the arteriolar constriction did not equal that of the PLL group: 15.0 Ϯ 3.0 and 8.0 Ϯ 0.5% decrease for the PLL and PHL groups, respectively (P Ͻ 0.05, PHL vs. PLL).
DISCUSSION
Venular control of arteriolar perfusion has been the focus of several investigations in recent years. In two of the earliest studies, the vasoconstrictor norepinephrine (29) or the vasodilator adenosine (11) was injected into venules, and the response in arterioles closely paired with venules downstream of the injection site was observed. Whether endogenous adenosine performs the same vasodilatory function had not been established until our present study. Moreover, we demonstrate inhibition of adenosine-mediated venular dilation of arterioles when the venules are inflamed, as assessed by the accumulation of adherent leukocytes.
Resting arterial plasma adenosine concentrations are known to be lower than the threshold levels of adenosine required for arterial dilation (24) . Similarly, at the downstream arteriolar level, there has been little evidence that adenosine plays a role in resting diameter. Sauls and Boegehold (28) reported no change in the diameter of first-order arterioles in rat intestine on application of ADA. Additionally, Proctor (25) found that ADA, when applied to third-order arterioles in hamster cremaster muscle, did not induce a significant change in diameter. Even though no statistical differences were reported in the latter study, resting arteriolar diameters were consistently ϳ10% smaller in the presence of ADA in the three experimental groups. Their arterioles were not segregated according to venular pairing; the resulting trend toward an ϳ10% smaller diameter is between our 1% and 18% ADA-induced constrictions in unpaired arterioles and arterioles paired with lowadherence venules, respectively.
In this study, the average distance between paired arterioles and venules was Ͻ15 m, which is close enough to enable the diffusion of small mediators from venule to arteriole on the basis of the observation that adenosine molecules released from cannulated venules could dilate paired arterioles at a distance of Ͼ30 m (11). These results support the hypothesis that venuloarteriolar diffusion results in increased arteriolar adenosine concentration above the threshold level for arteriolar dilation. This may explain our observation of larger resting arteriolar diameters for paired arterioles (with minimal leukocyte adhesion) than for UP arterioles. However, the origin of adenosine formation is not clear. Adenosine can be released from various types of cells. Recent studies suggest that aden- osine can be formed intracellularly by vascular endothelium or blood cells during systemic hypoxia (18) and also by interstitial cells during muscle contractions (10) . However, it is unlikely that venular endothelium is a source of adenosine during resting conditions, because resting arteriolar diameter was unaffected by disruption of the venular endothelium (27) , indicating that mediators released directly from venular endothelium may not be involved in regulation of arteriolar diameter under resting conditions. Therefore, another possibility is that adenosine formed from extravascular cells diffuses into capillary beds, resulting in a higher venular adenosine concentration than in the feeding arterioles, with the concentration gradient providing a net interstitial flux of adenosine, in the direction of the arteriole, in a sufficient quantity to induce dilation. The countercurrent arrangement could facilitate the control system, whereby increased metabolism of the capillary bed would be sensed in the venular flow and a signal to increase blood flow and nutrient delivery would be delivered to the paired arteriole.
Adenosine is known to mediate vasodilation via endotheliumdependent and -independent mechanisms. Adenosine coupled to receptors on vascular smooth muscle triggers smooth muscle relaxation through cAMP-dependent (14) or cGMP-dependent (31) protein kinase pathways. On the other hand, adenosine also has been shown to mediate smooth muscle relaxation by endothelial NO synthesis in many vascular beds, such as the large coronary artery (1), coronary microvessels (9), intestinal microvessels (28), skeletal muscle (2), and hepatic microvessels (23) . In this study, to investigate whether adenosine might mediate arteriolar dilation via an NO-dependent mechanism, we used an NO-selective microelectrode to measure periarteriolar NO concentration. The baseline NO concentration (ϳ400 nM for UP arterioles) was almost identical to the value obtained from similar-sized arterioles of rat intestine [397 Ϯ 26 nM (19)] measured using a recessed-tip glass microelectrode. Our results show decreases in arteriolar diameter induced by ADA in venule-paired vessels that are closely associated with concomitant decreases in perivascular NO concentrations (Fig.  5) , supporting a role for NO in adenosine-mediated arteriolar dilation. These results are consistent with the possibility that adenosine coupled to receptors in the arteriolar wall might contribute to resting arteriolar dilation by triggering NO release. However, our experiments did not address the source of NO mediating the dilation. It is possible that adenosine triggers NO release via neuronal NOS in or near the arteriolar wall on the basis of a recent study of NO in the rat mesenteric microcirculation (12) . Kashiwagi et al. (12) suggested that neuronal NOS could be a major source of NO in distal arterioles, with less contribution from endothelial NOS than in venules, capillaries, and more proximal arterioles.
In addition to the role of adenosine in maintaining resting dilation of venule-paired arterioles, another interesting finding of this study is that adenosine-dependent arteriolar dilation was affected by leukocyte adherence in paired venules. PHL arterioles had smaller resting diameters than PLL arterioles, and the arteriolar response of PHL arterioles to ADA was dramatically attenuated compared with that of PLL arterioles. One possible explanation is involvement of leukocyte-mediated scavenging of NO on the basis of the observation that ADAinduced arteriolar constriction was closely associated with a decrease in NO. This is similar to the arteriolar constriction observed in ischemia-reperfusion injury (34) , in which venular adherent leukocytes contributed to the constriction of paired arterioles, with the response attenuated by injection of a monoclonal antibody against the adhesion molecule CD11/CD18.
The inflammatory response in postcapillary venules is associated with a significant increase in the recruitment of rolling, adherent, and emigrating leukocytes, resulting in an increased production of oxidants, such as the superoxide anion, which rapidly reacts with NO (6) . The enhanced formation of oxidants attenuates NO bioavailability (17) and impairs endothelium-dependent vasodilation in various cardiovascular diseases such as hypercholesterolemia, hypertension, and diabetes (3). Our NO measurements support this hypothesis, with a significant 20% attenuation in resting perivascular NO in PHL arterioles compared with PLL arterioles. These data are also consistent with previous NO measurements in rat mesentery with cell-permeable diaminofluorescein-2-diacetate; decreased arteriolar and venular NO was observed with elevated leukocyte adhesion in the paired venule (21) . Additionally, the superoxide dismutase mimetic Tempol significantly increased NO bioavailability in PHL arterioles, indicating that venular leukocytes might produce superoxide and, thereby, scavenge NO. Therefore, it is conceivable that arteriolar NO release triggered by adenosine might be inhibited by superoxide produced by the activation of adherent leukocytes in paired venules, resulting in arteriolar constriction (Fig. 8) . However, it should be noted that superoxide dismutase activity also can trigger production of the vasodilator H 2 O 2 , which could contribute to arteriolar dilation.
Another possible explanation for the attenuated response to ADA in PHL arterioles is an oxidant-independent involvement of other vasoconstrictors released from adherent platelets or leukocytes. Our data for resting arteriolar diameter in paired vessels indicate that PHL arterioles may be preconstricted by ϳ15% compared with PLL arterioles (Fig. 4) . Diameters of UP (or more distantly paired) arterioles would be expected to be smaller than diameters of closely paired arterioles because of diffusion-limited dilation by venule-derived mediators. If the superoxide radical is entirely responsible for attenuation of adenosine-induced arteriolar dilation, it might be expected that Tempol would increase arteriolar diameter by ϳ15%. How- ever, Tempol only partially increased arteriolar diameter by ϳ4% for the PHL group, and the arterioles were still constricted by ϳ11% compared with the PLL group. Additionally, the relative magnitude of arteriolar constriction in response to ADA was restored only partially to that of the PLL group, even though the NO level was fully restored by Tempol. These results suggest the involvement of an additional vasoconstrictor released from inflamed venules that may compete with the adenosine-and NO-dependent vasodilatory mechanism in regulating arteriolar tone. Adherent leukocytes release proteases (chymase and cathepsin G) that facilitate production of the vasoconstrictors endothelin-1 (ET-1) and angiotensin II. For example, cathepsin G on the neutrophil surface is able to convert not only angiotensinogen to angiotensin II but also angiotensin I to angiotensin II (22) . Additionally, chymase and cathepsin G each cleaves the precursor Big ET-1 into ET-1 (15) . Therefore, ET-1 and angiotensin II may be involved in a mechanism whereby leukocyte adherence contributes to venule-mediated arteriolar constriction. However, angiotensin II may contribute to arteriolar constriction via an NO-dependent mechanism, because angiotensin II can activate NADPH oxidase, which in turn results in superoxide production and NO inactivation (30) .
We did not measure venular platelet adhesion in our present experiments, and we cannot rule out the possibility that platelet adhesion plays a significant role in venular-mediated arteriolar constriction. A recent study revealed that platelet adhesion within postcapillary venules was highly dependent on leukocyte adhesion, with ϳ45% of adherent leukocytes binding platelets in a model of ischemia-reperfusion (4). Activated platelets can release the potent vasoconstrictor thromboxane, which has been implicated in a recent study (8) in which platelet adherence in venules was associated with constriction of closely paired arterioles in a model of dextran sodium sulfate-induced inflammation. Figure 8 shows the mechanism that has been proposed to explain the role of venular adenosine and adherent leukocytes in regulation of the resting diameter of closely paired arterioles. Under normal physiological conditions, there may be diffusional transport of adenosine molecules from venules to paired arterioles, which may contribute to arteriolar dilation partially via an NO-dependent mechanism. However, in pathophysiological conditions with inflamed venules, the paired venule may contribute to arteriolar constriction by providing oxidants and, thereby, decreasing NO bioavailability or providing various vasoconstrictors from activated platelets or leukocytes.
In summary, we found evidence that closely paired venules contribute to arteriolar dilation via an adenosine-and NOdependent mechanism under normal resting conditions, whereas inflamed venules with adherent leukocytes contribute to arteriolar constriction by an oxidant-mediated inhibition of the adenosine pathway or release of additional vasoconstrictors produced at sites of leukocyte adhesion.
